Muscle satellite cells (MuSCs) play a central role in muscle regeneration, but their quantity and function decline with comorbidity of trauma, aging, and muscle diseases. Although transplantation of MuSCs in traumatically injured muscle in the comorbid context of aging or pathology is a strategy to boost muscle regeneration, an effective cell delivery strategy in these contexts has not been developed. We engineered a synthetic hydrogelbased matrix with optimal mechanical, cell-adhesive, and protease-degradable properties that promotes MuSC survival, proliferation, and differentiation. Furthermore, we establish a biomaterial-mediated cell delivery strategy for treating muscle trauma, where intramuscular injections may not be applicable. Delivery of MuSCs in the engineered matrix significantly improved in vivo cell survival, proliferation, and engraftment in nonirradiated and immunocompetent muscles of aged and dystrophic mice compared to collagen gels and cell-only controls. This platform may be suitable for treating craniofacial and limb muscle trauma, as well as postoperative wounds of elderly and dystrophic patients.
INTRODUCTION
Skeletal muscle generates force to enable movement and support vital functions such as deglutition and respiration. Although healthy muscle exhibits remarkable adaptive and regenerative capacities, its function declines with comorbidity of severe physical trauma, aging, and disease (1) (2) (3) (4) (5) . Inadequate regeneration of muscle begets debilitating consequences, including long-term disabilities and reduced quality of life (5) (6) (7) . Current clinical interventions for muscle trauma entail muscle flap transfer and surgical suture, but these treatments alone do not completely regenerate the damaged muscle (3, (8) (9) (10) . Clinical strategies that effectively regenerate traumatically injured muscle in comorbidity with aging and muscle pathology currently do not exist and are in great critical need.
Muscle satellite cells (MuSCs) are muscle-resident stem cells that play an indispensable role in myogenesis, and their function centrally dictates the regenerative capacity of muscle in the context of injury, aging, and disease (11) (12) (13) (14) (15) . Upon injury, quiescent MuSCs (Pax7 + / MyoD − ) activate to give rise to proliferating myoblasts (Pax7 + /MyoD + ) that undergo myogenic differentiation or fusion with existing myofibers (1, 2) . Asymmetric division of MuSCs maintains muscle homeostasis, where this process is critical for regeneration of damaged myofibers and repopulation of the stem cell reservoir through self-renewal for ensuing regenerative needs (16) (17) (18) . However, the intrinsic function and quantity of MuSCs decline with aging (13, (19) (20) (21) (22) (23) and neuromuscular diseases, such as Duchenne muscular dystrophy (DMD) (14, 15) , and contribute to the diminished regenerative potential of muscle. For example, one mechanism that causes age-associated decline in MuSC function and number is that MuSCs lose the ability to asymmetrically divide from abnormal Janus kinase-signal transducer and activator of transcription and p38 signaling and undergo cellular senescence from elevated p16
INK4A (19, 21, 22) . In DMD, dystrophin-deficient MuSCs exhibit impaired mitosis and loss of asymmetric division (14) . Dysregulation of MuSC function ultimately results in depletion of the MuSC reservoir and defective muscle regenerative potential. The regenerative potential further diminishes upon traumatic muscle injuries, such as bone-muscle polytrauma, laceration, crush, and severe burn, where MuSCs undergo concurrent activation and cell death (24) (25) (26) (27) . Although approaches aimed to replenish functional MuSCs in traumatically injured muscles in the comorbid context of aging or chronic pathology may be an effective strategy to boost degenerating muscle function, successful and translatable approaches to transplant MuSCs in traumatically injured aged or pathologic muscles have not yet been developed.
Transplantation of MuSCs into injured, aging, and dystrophic muscles results in engraftment and repopulation of the quiescent MuSC pool (28) (29) (30) (31) . This strategy has significant potential for administering MuSCs as a cellular source for stem cell therapy for muscle injury, sarcopenia, and muscular dystrophy. However, previous proof-ofprinciple transplantation experiments have been conducted on skeletal muscles that were cardiotoxin/notexin/BaCl 2 -injured, irradiated, and/or immunodeficient, limiting their clinical translatability (28) (29) (30) (31) . Furthermore, direct delivery of cells via injection has challenges at the translational level, including massive donor cell death and cellular dispersion, severely limiting its therapeutic potential (32, 33) . Only 1 to 20% of the transplanted cells survive in the host tissue due to the harsh inflammatory environment, and the surviving donor cells exhibit limited function (32, 33) . Note that cell delivery via injection may not always be applicable in traumatic injuries, where the structural integrity of the muscle is often severely compromised to receive an injection. To address these limitations, naturally derived biomaterials, such as decellularized matrix, collagen, hyaluronic acid, fibrin, and alginate hydrogels, have been used to facilitate the delivery of myogenic cells to the muscle (34) (35) (36) (37) (38) (39) (40) (41) (42) (43) (44) (45) . However, naturally derived materials are susceptible to lot-to-lot variability, potential pathogen transfer, and difficulty in controlling the material's microstructure, mechanical properties, and degradability; these limitations hinder their translatability, wide applicability, and systematic investigation of material-MuSC interactions to improve engraftment efficacy (46) . Furthermore, previous studies used nonquiescent myoblasts that had been expanded in vitro, and thus, knowledge on how the biochemical and biophysical properties of these materials affect quiescent MuSC activities is limited. Synthetic matrices, on the other hand, offer a promising alternative to natural biomaterials, as biochemical and biophysical properties can be modularly altered to investigate three-dimensional (3D) cellular functions in a systematic manner. To that end, we hypothesized that a synthetic biofunctional hydrogel, which presents promyogenic cell adhesive peptides and defined mechanical, transport, and on-demand degradation properties, could be engineered to support MuSC activities and serve as a delivery vehicle to enhance the engraftment of donor cells in traumatically injured, nonirradiated, and immunocompetent skeletal muscle in the context of aging and muscular dystrophy.
Here, we report an engineered, synthetic hydrogel-based matrix that promotes primary MuSC survival, proliferation, and differentiation in 3D. MuSCs exhibited robust survival, proliferation, and differentiation in synthetic hydrogels functionalized with the integrin-targeting Arg-GlyAsp (RGD) adhesive peptide and cross-linked with protease-degradable peptides. Proliferation of MuSCs was further enhanced through optimization of the hydrogel's mechanical properties and mesh size. Transplantation of MuSCs using this engineered synthetic matrix to the supramuscular locus of cryo-injured tibialis anterior (TA) muscles of dystrophic (mdx-4CV) and aged (23 months old) mice significantly improved donor cell engraftment compared to cell-free and collagen gel controls. Collectively, the results establish this engineered synthetic matrix as a versatile platform for stem cell therapy in the context of skeletal muscle injury, aging, and neuromuscular diseases.
RESULTS

Modular hydrogel platform as a synthetic MuSC matrix
To engineer a biofunctional matrix for MuSC culture and delivery, we selected a synthetic hydrogel platform based on a four-arm poly(ethylene glycol) (PEG) macromer, with its ends functionalized with maleimide groups (PEG-4MAL) as the base material. The PEG-4MAL platform exhibits excellent biocompatibility in vivo and cytocompatibility with various cell types, including pancreatic islets and skeletal myoblasts (47) (48) (49) (50) . Furthermore, PEG-4MAL hydrogels have significant advantages over naturally derived extracellular matrices and other synthetic gels, such as the ability to independently tune mechanical, structural, and biochemical properties and minimization of lot-to-lot variability (50, 51) . In this synthetic platform, the maleimide groups in PEG-4MAL macromers are efficiently reacted with thiolcontaining cell-adhesive peptides through Michael-type addition, enabling stoichiometric functionalization of the macromer. The remaining maleimide groups are then reacted with cysteine-flanked peptides (for example, GCRDVPMSMRGGDRCG) to cross-link macromers to yield a hydrogel with a highly defined structural network (Fig. 1A) . The cytocompatible maleimide-thiol reaction can be performed in the presence of cells to yield cell-laden 3D constructs. Thus, we sought to engineer a biofunctional matrix capable of promoting MuSC survival, proliferation, and differentiation using the PEG-4MAL hydrogel platform by evaluating the effects of adhesive ligand type, mechanical and diffusive transport properties, and protease degradability (Fig. 1A) .
RGD-presenting synthetic matrix supports myogenesis
An important consideration for engineering a synthetic matrix for adherent cells is the presentation of context-dependent, cell-adhesive ligands, as cell adhesion is a necessary process for survival, proliferation, migration, and differentiation (52) (53) (54) . To identify optimal cell-adhesive ligands for MuSC function, we evaluated the effects of cell-binding synthetic peptides found in fibronectin and laminin, prominent extracellular matrix proteins constituting the native MuSC niche (table S1). We isolated Pax7 + primary MuSCs by flow cytometry using a previously established set of markers (CD45 S1 ). All these hydrogel formulations exhibit equivalent mechanical, diffusive transport, and protease-degradable properties (51) . After 6 days of culture in growth media containing basic fibroblast growth factor (FGF-2), MuSCs cultured in RGD-presenting hydrogels proliferated and formed noncircular MyoD + myogenic colonies, compared to RDG-presenting (P < 0.0001), YIGSR-presenting (P < 0.05), and C16-presenting (P < 0.001) hydrogels (Fig. 1, C and D) . For RGD-presenting hydrogels, cell packing density within a myogenic colony was significantly lower compared to the other hydrogel formulations (P < 0.0001), suggesting cellular migration (Fig. 1, C and E) . Furthermore, myogenic colonies formed in RGD-presenting hydrogels were significantly larger compared to colonies formed in RDG-, YIGSR-, and C16-presenting hydrogels (P < 0.0001; Fig. 1, C and F) . However, when cell proliferation was assessed via EdU (5-ethynyl-2′-deoxyuridine) incorporation, we observed no statistical differences among hydrogels containing different cell-adhesive peptides on both days 3 and 6 of culture (Fig. 1, C and G, and fig. S2A ). Furthermore, MuSCs in RGD-, RDG-, C16-, and YIGSR-presenting hydrogels exhibited similar levels of MuSC activation (>60% Pax7 + and >95% MyoD + activated MuSCs per colony; fig. S2 , B and C) after 72 hours of culture, indicating that potential differences in activation state did not contribute to the differential myogenic colony formation. Notably, MuSCs cultured in RGD-presenting hydrogels exhibited significantly less TUNEL + cells compared to MuSCs in scrambled RDG-presenting hydrogels at day 1 after encapsulation (P < 0.05), indicating that hydrogels presenting the RGD cell-adhesive peptide promote cell survival and subsequently support the formation of robust myogenic colonies compared to hydrogels presenting scrambled RDG control peptide (Fig. 1, H and I) .
Cellular fusion is a major hallmark of differentiated myocytes. To determine whether RGD-presenting hydrogels support MuSC differentiation, we mixed GFP + and TdTomato + MuSCs in a 1:1 ratio and encapsulated them within RGD-or RDG-presenting hydrogels. We reasoned that fused GFP + and TdTomato + cells would exhibit both fluorescent proteins in the cytosol, indicative of differentiation and fusion ( fig. S3A ). To prime differentiation, we initially cultured MuSCs in either RGD-or RDG-presenting hydrogels in growth media with daily supplementation of FGF-2 for 6 days and then in differentiation media for an additional 4 days. Cells cultured in RDG-presenting hydrogels did not fuse, and cells remained in multicellular clusters homogeneously, composed of either GFP + or TdTomato + myoblasts (Fig. 1J and fig. S3B ). In contrast, cells cultured in RGD-presenting hydrogels were morphologically distinct, where the cells were elongated and spread (Fig. 1J and fig. S3B ). Moreover, cell fusion events were present, indicated by multinucleated myotubes expressing both GFP + and TdTomato + in the cytosol, with a significantly higher fusion index compared to control RDGpresenting hydrogels (P < 0.0001; Fig. 1J and fig. S3 , B and C). Differentiated myotubes exhibited spontaneous contraction in the RGD-presenting hydrogels, indicating functional differentiation of MuSC (movie S1). Despite the marked differences in cellular fusion and morphology, cells in both RGD-and RDG-presenting hydrogels stained positive for desmin and myosin heavy chain upon culturing in differentiation media ( fig. S3D ) and exhibited similar levels of myogenin and desmin gene expression ( fig. S3E ). This result suggests that the reduced serum content of the differentiation media primes the cells to differentiate, but cells are unable to undergo fusion in the nonadhesive RDG-presenting hydrogels, corroborating the importance of cell-adhesive ligands in the cellular fusion process. b3 integrin, a major target of RGD tripeptide sequence, has been shown to be an essential factor for myotube formation (54) . Collectively, these results indicate that presentation of RGD adhesive peptide in PEG-4MAL hydrogels promotes MuSC in vitro survival, proliferation, and differentiation.
PEG-4MAL macromer density modulates MuSC proliferation
The biophysical properties of the extracellular matrix have a profound impact on cellular functions (55) . In the PEG-4MAL hydrogel system, altering the PEG-4MAL polymer density can modulate the mechanical properties and mesh size. As the polymer density increases (from 3 to 6%, w/v), we introduce more cross-links to the system, resulting in the formation of a tighter polymer network and increased hydrogel storage modulus (from 150 to 300 Pa; Fig. 2 , A and B). As tighter polymer networks are formed with increasing polymer density, the mesh size decreases (Fig. 2 , A and C). To evaluate the effects of polymer density on MuSC function, we encapsulated and cultured freshly isolated MuSCs within 3 to 6% 20-kDa PEG-4MAL hydrogels containing 1.0 mM RGD and cross-linked with protease-degradable peptides. MuSCs cultured in 3 and 4% PEG-4MAL hydrogels formed significantly larger myogenic colonies compared to cells in 6% PEG-4MAL hydrogels at day 4 (P < 0.01 and P < 0.001, respectively; Fig. 2 , D and E). Furthermore, the number of colonies formed in 3% PEG-4MAL hydrogels was significantly greater compared to that in 5 and 6% PEG-4MAL hydrogels (P < 0.05; Fig. 2 , D and F). Finally, 3 and 4% PEG-4MAL hydrogels promoted significantly increased cell proliferation compared to 6% PEG-4MAL hydrogels (P < 0.05 and P < 0.01, respectively; Fig colonies formed in 6% PEG-4MAL hydrogels exhibited significantly decreased levels of Pax7 expression compared to those formed in 4% PEG-4MAL hydrogels (fig. S4, A and B).
To assess whether the increased cell proliferation with decreasing macromer density is an effect of mesh size or mechanical properties, we encapsulated and cultured MuSCs in 2.5% 10-kDa PEG-4MAL and 4% 20-kDa PEG-4MAL hydrogels, both presenting 1.0 mM RGD and cross-linked with protease-degradable peptides. The 2.5% 10-kDa PEG-4MAL hydrogels have decreased solute diffusivity compared to 4% 20-kDa PEG-4MAL hydrogels (P < 0.05) due to the reduced molecular weight of the macromer while exhibiting comparable mechanical properties (P > 0.05) due to similar average cross-link density ( fig. S5 , A to F). MuSCs cultured in 2.5% 10-kDa PEG-4MAL did not form myogenic colonies on day 4, whereas colonies readily formed in 4% 20-kDa PEG-4MAL hydrogels (Fig. 2, I and J), suggesting that mesh size imparts a significant impact on the proliferation capacity of MuSCs in a 3D-culture setting.
Matrix degradability is required for MuSC function
Extracellular matrix degradability is an important factor for dynamic remodeling of the cellular microenvironment (56) . We hypothesized that the degradability of the synthetic PEG-4MAL hydrogel is a critical feature for MuSC function, including survival and proliferation. To test this hypothesis, we encapsulated freshly isolated TdTomato + MuSCs in RGD-functionalized 4% 20-kDa hydrogels cross-linked using either a protease-degradable peptide (GCRDVPMSMRGGDRCG; proteasesensitive) or protease-insensitive hexa(ethylene glycol) dithiol (proteaseinsensitive). MuSCs cultured in protease-degradable hydrogels formed robust myogenic colonies after 4 days in culture, whereas we observed minimally viable MuSCs and no myogenic colonies in the proteaseinsensitive hydrogels (Fig. 3, A and B) . A single MuSC encapsulated in protease-sensitive matrix readily degraded the surrounding matrix to proliferate and form a robust myogenic colony over time, whereas a MuSC in nondegradable, protease-insensitive matrix remained entrapped and unable to proliferate over time (Fig. 3C) . Furthermore, the mechanical properties of protease-sensitive hydrogels containing MuSC declined with time in culture (Fig. 3D) , and the calculated mesh size (Fig. 3E ) increased over culture time. As expected, the mechanical properties and mesh size of MuSC-laden protease-insensitive cells remained relatively constant over time in culture. These results indicate that use of protease-degradable cross-linking peptides, which enable on-demand degradation of the cellular microenvironment, is essential for MuSC survival and proliferation in vitro within these synthetic niches.
Synthetic matrix supports higher MuSC proliferation potential than natural matrices Collagen gels are commonly used as a natural extracellular matrix for cell culture in 3D. To determine how the engineered PEG-4MAL hydrogels perform in supporting MuSC function in comparison to collagen gels as a benchmark material, we encapsulated freshly isolated GFP + MuSCs in either RGD-functionalized 4% 20-kDa hydrogels crosslinked using protease-degradable peptides or type I collagen gels (2.7 mg ml ; storage modulus, 70 ± 16 Pa). Myogenic colonies formed after 4 days of culture were significantly larger in the PEG-4MAL synthetic hydrogels compared to collagen gels (P < 0.0001; Fig. 4, A and B) . Despite the significant size differences in myogenic colonies formed in the PEG-4MAL hydrogels and collagen gels, we observed no differences in cell proliferation on day 4 of culture (P > 0.05; Fig. 4, C and D) . However, assessment of dead cells at 1 day after encapsulation revealed that cell viability is significantly lower in collagen gels compared to the PEG-4MAL hydrogels (P < 0.0001; Fig. 4, E and F, and fig. S6A ). We attribute the larger myogenic colonies formed in the PEG-4MAL hydrogels to higher cell viability upon encapsulation. To eliminate potential effects of material stiffness on myogenic colony formation in 3D, we cultured MuSCs in either type I collagen gel (2.7 mg ml −1 ) or RGD-functionalized 2.8% 20-kDa PEG-4MAL hydrogels cross-linked with protease-degradable peptides, which exhibit similar storage modulus as type I collagen gel (2.7 mg ml greater than colonies formed in collagen gel (2.7 mg ml
; fig. S6 , C and D). This result suggests that other biophysical and biochemical differences, such as cell binding site (type and density), material microstructure and function, and transport properties, regulate the differences in MuSC function between these biomaterial systems.
In the context of skeletal muscle, Matrigel may be a more appropriate naturally derived matrix for myogenic cell culture, as a major constituent of Matrigel is laminin. To assess MuSC function in comparison to Matrigel as an additional benchmark material, we encapsulated freshly isolated GFP + MuSCs in either RGD-functionalized 4% 20-kDa hydrogels cross-linked with protease-degradable peptides or Matrigel (storage modulus, 25.2 ± 7.8 Pa). After 4 days of culture, we observed significantly larger myogenic colonies in the PEG-4MAL synthetic hydrogel compared to Matrigel (P < 0.0001; Fig. 4 , G and H). Furthermore, myogenic colonies formed in Matrigel were morphologically rounder and closely clustered (Fig. 4G) . Although Matrigel is an appropriate reference material, it is important to highlight limitations associated with Matrigel. Matrigel is generated from the Engelbreth-Holm-Swarm sarcoma that is rich in undefined extracellular matrix proteins. As a result, Matrigel is subjected to significant lot-to-lot variability in terms of composition and mechanical properties and poses potential risk of pathogen transfer and immunogenicity, significantly limiting its clinical translation. Nonetheless, the results collectively demonstrate that the engineered synthetic matrix supports higher MuSC proliferation potential than collagen gels and Matrigel.
Synthetic matrix boosts engraftment in dystrophic muscle trauma Acute muscle trauma imparts significant burden on the endogenous MuSC population to regenerate the damaged muscle (25) (26) (27) , and the regenerative potential of muscle is further challenged when the normal mechanisms of muscle regeneration and homeostasis are chronically dysregulated (1). For instance, DMD muscles lacking dystrophin exhibit reduced mechanical integrity and are prone to sarcolemma rupture upon repeated contraction. Moreover, dystrophin-deficient MuSCs exhibit abnormal mitosis and asymmetric division capacity (14, 15) , exacerbating the detrimental consequences of muscle injury. Transplantation of MuSCs stimulates muscle regeneration through cellular engraftment (28); however, cell delivery via direct injection poses several challenges at the translational level, including poor cell survival and limited applicability to traumatic injuries. To this end, we applied the bioengineered synthetic matrix to deliver MuSCs to the superficially injured TA muscles of mdx-4CV mice, which exhibit chronic muscle degeneration and regeneration. We hypothesized that MuSCs delivered within the engineered PEG-4MAL hydrogel, which supports survival, activation, and proliferation, would migrate into the host muscle, resulting in enhanced cellular engraftment. The PEG-4MAL hydrogel system enables in situ polymerization and direct integration to host tissue through thiol-presenting tissue and maleimide functional groups to improve in vivo cell retention and delivery, thus providing a major advantage over other synthetic and natural materials (50) . TA muscles of recipient mdx-4CV mice (13 to 19 weeks old) were injured by exposing the muscle surface to a liquid nitrogen-cooled probe before transplantation (Fig. 5A) . A cryo-injury model was selected because it induces more localized injury compared to other commonly used models, such as cardiotoxin and notexin injections, through ablation of myofibers and mononuclear cells at the site of injury and necessitates MuSCs to migrate in from the noninjured sites (57, 58) . To evaluate the effects of PEG-4MAL polymer density on MuSC engraftment in vivo, we delivered freshly isolated b-actin GFP 
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in media (hydrogel-free) atop the injured TA muscles immediately after muscle injury (Fig. 5A ). Both PEG-4MAL gels were cross-linked using protease-degradable peptides. We elevated and sustained the bioluminescence signal of MuSCs delivered in 3% PEG-4MAL hydrogels through day 28 after transplantation compared to hydrogel-free condition (P < 0.01 over time and P < 0.05 on day 28; Fig. 5 , B and C). Analysis of the area under the bioluminescence curve further substantiated this observation (P < 0.05; Fig. 5D ). MuSCs delivered in 3% PEG-4MAL hydrogels successfully differentiated and formed GFP + fibers, whereas MuSCs delivered in 6% PEG-4MAL hydrogels or media alone did not engraft (P < 0.05; Fig. 5, E and F) . Collectively, the results indicate that MuSCs delivered in 3% PEG-4MAL hydrogels directly on top of acutely injured dystrophic TA muscles support in vivo retention, survival, and proliferation and promote cellular engraftment into the injured host muscle.
We next examined the importance of the RGD adhesive peptide in the delivery hydrogel vehicle on MuSC engraftment. We compared GFP + MuSC transplantation efficacy using 3% PEG-4MAL hydrogels cross-linked with protease-sensitive peptides and functionalized with either 1.0 mM RGD or 1.0 mM scrambled RDG in the cryo-injured TA muscles of mdx-4CV mice. We observed a significantly higher number of GFP + fibers in the RGD-presenting hydrogel group compared to the scrambled RDG-presenting hydrogel group on day 28 after transplantation (P < 0.05; Fig. 5 , G and H), demonstrating that presentation of RGD cell-adhesive peptide with the delivery vehicle is required for the engraftment of delivered MuSCs.
To directly compare MuSC transplantation efficacy of the engineered PEG-4MAL hydrogels to collagen gels, we monitored the bioluminescence signal of MuSCs delivered to injured muscle using either RGD-presenting 3% PEG-4MAL hydrogels cross-linked with proteasesensitive peptides or collagen gels (2.7 mg ml −1 ) over time. MuSCs delivered using the PEG-4MAL hydrogels exhibited a significantly higher overall bioluminescence signal compared to collagen over the course of 28 days (P < 0.05; Fig. 5, I and J). Further analysis of the area under the bioluminescence curve substantiated that MuSCs delivered using PEG-4MAL hydrogels resulted in significantly higher engraftment than MuSCs delivered using collagen gels (P < 0.05; Fig. 5K ), indicating superior performance of the PEG-4MAL hydrogel compared to collagen gels for delivery of MuSCs to injured TA muscles.
The engraftment potential is strongly dependent on the number of MuSCs delivered (19, 29, 55) . To demonstrate the feasibility of achieving a higher number of engrafted fibers using the engineered PEG-4MAL hydrogels, we delivered approximately 50,000 freshly isolated GFP + MuSCs to the cryo-injured TA muscles of mdx-4CV mice. Delivery of MuSCs in 3% PEG-4MAL hydrogels resulted in robust engraftment 28 days after transplantation, where the mean number of GFP + fibers increased significantly (~15 to 50 fibers/mm 2 ) by increasing the donor cell quantity (Fig. 5, L and M) . Delivery of MuSCs using collagen gel resulted in minimal engraftment (Fig. 5, L and M) , further demonstrating the efficacy of the engineered PEG-4MAL hydrogels.
Synthetic matrix boosts MuSC engraftment in aged muscle trauma
Aged skeletal muscles exhibit impaired regenerative capacity upon injury (2) . To confirm that aged muscles exhibit diminished regeneration upon superficial cryo-injury compared to young muscles, we subjected young (4 months old) and aged (22 months old) muscles to cryo-injury, as described above, and assessed their native endogenous regeneration. Young (4 months old) TA muscle regenerated to tissue comparable to native uninjured TA muscle by day 14 after injury, whereas aged (22 months old) TA muscle did not completely regenerate by day 14 after injury, as indicated both by the smaller fiber crosssectional area and by the higher presence of centrally localized myonuclei (P < 0.0001; Fig. 6, A and B) . To test whether the engineered PEG-4MAL hydrogel can also promote MuSC engraftment in injured aged muscle, we delivered freshly isolated b-actin GFP + /luciferase + MuSCs encapsulated in 3% 20-kDa PEG-4MAL hydrogels containing 1.0 mM RGD and crosslinked with protease-degradable peptides or suspended in media (hydrogel-free) to the supramuscular locus of the cryo-injured TA muscles of aged mice (23 months old). Delivery of MuSCs using the PEG-4MAL hydrogel resulted in a progressive increase in the bioluminescence signal up to 7 days after transplantation, and this signal was sustained through day 28 after transplantation (Fig. 6, C and D) . In contrast, MuSCs delivered without the hydrogel resulted in no change in the bioluminescence signal over time, and this signal was significantly lower than the signal for the hydrogel group (P < 0.05; Fig. 6 , C to E). Consistent with these results, we observed increased numbers of GFP + fibers, indicative of transplanted cell engraftment, for muscles treated with MuSCs delivered within PEG-4MAL gels, whereas we observed no GFP + fibers for muscles treated with MuSCs without the hydrogel carrier (Fig. 6F) . These results show that PEG-4MAL hydrogel promotes donor MuSC retention, survival, proliferation, and engraftment in injured aged muscle.
DISCUSSION
Here, we engineered a synthetic hydrogel that promotes MuSC survival, proliferation, and differentiation in 3D culture. Furthermore, we demonstrated that the engineered PEG-4MAL hydrogel can be used as a delivery vehicle to transplant MuSCs to injured skeletal muscles that exhibit dysregulated homeostasis and regeneration, such as in aging and muscular dystrophy. This biomaterial platform offers a unique advantage for delivering cells to traumatically injured muscles with disrupted structural tissue integrity, as the maleimide functional groups of the PEG-4MAL system react with thiol-containing molecules and tissues to form covalent bonds via Michael-type addition under physiologic conditions, and offers the ability to firmly integrate the cell-encapsulated hydrogel to biological tissues (50) . The engineered hydrogel is based solely on synthetic materials, which offers major advantages over naturally derived hydrogels including collagen and Matrigel. Synthetic matrices are minimally susceptible to lot-to-lot variations and pathogen transfer and thus are more suitable for translating the technology to the clinics. Moreover, the biophysical and biochemical properties of the synthetic matrix can be modulated in a highly precise and controlled manner, enabling identification of key cellular niche parameters for directing cell function.
To design a synthetic matrix that enhances MuSC function (that is, survival, activation, proliferation, and differentiation) for cell delivery applications, we reasoned that key factors found in the native MuSC niche must be incorporated into an otherwise biologically inert PEGbased hydrogel. MuSCs reside in between muscle fiber sarcolemma and its surrounding laminin-rich basal lamina matrix. Upon injury, fibronectin content in the basal lamina transiently increases and induces MuSC expansion (59) . In addition, fibronectin has been identified as a preferred adhesion substrate for MuSCs, where fibronectin targets b1 integrin and synergistically acts with FGF-2 to activate common downstream signaling through the mitogen-activated protein kinase ERK (extracellular signal-regulated kinase) and protein kinase B for MuSC expansion and self-renewal (52, 60) . Here, we showed that the RGD peptide, positioned within the cell-binding region of fibronectin, laminin, vitronectin, and collagen types I and IV (61) , is necessary to promote primary MuSC survival, expansion, and differentiation within the synthetic hydrogel. Whereas the RGD peptide has been shown to promote C2C12 and primary myoblast adhesion, proliferation, and differentiation (49, 62) , the effect of the RGD peptide as a bioactive celladhesive ligand for quiescent and activated MuSC function has not been established previously. RGD binds b1 integrin and b3 integrin (61), which are critical for MuSC expansion and differentiation (54, 60) , respectively. Binding of RGD to MuSC integrins also likely promotes cell survival through inhibition of anoikis (Fig. 1, H and I) . With determination of the appropriate biophysical parameters and incorporation of on-demand matrix degradation capability, we achieved high levels of survival and proliferation of MuSCs (Figs. 2 and 3 and fig. S5 ). Although it is outside the scope of the current study, there is potential to further engineer this platform to promote quiescence and self-renewal in combination with a quiescence medium (34) and presentation of asymmetrical and/or spatiotemporal cues for ex vivo expansion of MuSCs.
We also established a biomaterial-mediated cell delivery strategy for treating skeletal muscle trauma involving severe lacerations, burns, and surgical resections, where intramuscular injections may not be directly applicable. Although healthy skeletal muscles have remarkable regenerative potential, their regenerative capacity becomes severely limiting with trauma, and the problem is further exacerbated in conditions with impaired muscle regeneration, such as aging and muscular dystrophy. To demonstrate the feasibility of supramuscular delivery of MuSCs in these potential clinical situations, we used cryo-injured dystrophic and aged muscles as in vivo proof-of-concept systems in this study. Delivery of freshly isolated MuSCs using the engineered PEG-4MAL hydrogel to the supramuscular locus of the injured muscle promoted in vivo cell survival, retention, proliferation, and engraftment in both aging and muscular dystrophy contexts compared to collagen gels and hydrogelfree controls, demonstrating the versatility of this platform to treat different muscle conditions. Note that here, we delivered 12,500 to 20,000 freshly isolated MuSCs per nonirradiated, immunocompetent TA muscle (Figs. 5, B to K, and 6). The engraftment rate and degree of engraftment are strongly dependent on the number of MuSCs delivered (19, 29, 55) , and thus, this biomaterial-mediated cell delivery strategy could be further potentiated by increasing the donor cell quantity. We demonstrate that increasing the donor cell number significantly enhances cell engraftment (Fig. 5, L and M) . For translation of cell-based technologies to the clinic, challenges associated with sourcing and manufacturing MuSCs need to be overcome through development of ex vivo expansion technologies and generation of induced pluripotent stem cell-derived myogenic progenitor cells (34, 55, 63) . Finally, it would also be important to further extend the current strategy to more severe injury models, such as volumetric muscle loss where the muscle architecture and function are irreversibly compromised. Nonetheless, the biomaterial presented here sets a promising foundation to deliver cells and biologics to augment skeletal muscle regeneration upon trauma.
To overcome inherent limitations and challenges presented by direct cell delivery, numerous natural and synthetic biomaterials have been developed for cell transplantation to skeletal muscle (34) (35) (36) (37) (38) (39) (40) (41) (42) (43) (44) (45) 64) . Although biomaterial-assisted cell delivery critically mitigates direct cell delivery challenges and improves therapeutic outcomes, many of the previous investigations focused on delivering cultured myoblasts (36-38, 40, 42) , where their engraftment potency is severely restricted compared to quiescence MuSCs (33, 34, 39, 55) . Quiescent MuSCs lose potency within 7 days of expansion in vitro and result in poor survival and engraftment in the host muscle upon transplantation (34, 55) , significantly limiting the translational potential. To further address these challenges and improve therapeutic outcomes, natural and naturalsynthetic composite hydrogels have been engineered to facilitate the delivery of quiescent MuSCs and demonstrated positive effects in promoting MuSC engraftment (34, 35, 39) . More recently, synthetic scaffolds for MuSC delivery have been developed to circumvent potential limitations associated with naturally derived materials (64), such as susceptibility to lot-to-lot variations and pathogen transfer. However, previous evaluations of biomaterials for quiescent and activated MuSC delivery used preirradiated and immunocompromised [for example, NOD/Scid (nonobese diabetic/severe combined immunodeficient), RAG2 (recombination activating gene 2)/g-chain knockout, NSG (NOD/Scid/g), and athymic nude] mice, diminishing the clinical applicability. For instance, engraftment of donor MuSCs in the presence of competent host MuSCs is more challenging (65) . Furthermore, interactions between muscle and immune cells, as well as interactions between biomaterials and immune cells, critically dictate the regenerative and therapeutic outcomes of the muscle (66) , and thus, contributions of the host MuSCs and immune system are important considerations at the translational level. Although it is difficult to directly compare the current data with previous investigations due to these inherent technical differences and commercial availability of previously reported materials, the current study provides important insights into enhancing the delivery of quiescent MuSCs using a fully synthetic matrix into nonirradiated, immunocompetent dystrophic, and aged skeletal muscles.
In summary, we present an innovative biomaterial-based strategy to support stem cell therapy for treating skeletal muscle injuries. This platform could be useful for treating acute trauma of craniofacial, extraocular, and limb muscles and addressing postoperative wounds arising from surgical tumor ablation and surgical interventions of muscular dystrophies. With concurrent advancement of effective MuSC sourcing, through ex vivo MuSC manipulation and induced pluripotent stem cell technologies, this platform could be further developed for applications in treatment of large muscle trauma, including laceration, severe burn, and volumetric muscle loss in combination with spatiotemporal delivery of proregenerative biologics and emergent gene editing technologies.
MATERIALS AND METHODS
Animals
C57Bl/6, B6Ros.Cg-DMD mdx-4CV /J, FVB-Tg(CAG-luc,-GFP) L2G85Chco/J, B6.Cg-Gt(ROSA) 26Sortm14(CAG-TdTomato)Hze /J, and B6. C-Tg(CMV-cre)1Cgn/J mice were obtained from the Jackson Laboratory. C57Bl/6-b-actin-EGFP mice were provided by A. Wagers, Harvard University. R26R-TdTomato/CMV-cre mice were acquired by crossing B6.Cg-Gt(ROSA) 26Sortm14(CAG-TdTomato)Hze /J and B6.CTg(CMV-cre)1Cgn/J mice. CAG-luc-Ka-b-actin-EGFP mice were acquired by crossing FVB-Tg(CAG-luc,-GFP)L2G85Chco/J and C57Bl/ 6-b-actin-EGFP mice. Both male and female mice were used in this study in a randomized manner. Mice were housed, aged, and/or bred in the Physiological Research Laboratory Animal Facility of Georgia Tech. All animal procedures were conducted under the approval of the Institutional Animal Care and Use Committee of Georgia Tech.
MuSC isolation
MuSCs were isolated as described previously, with minor modifications (28) . Hindlimb muscles were dissected from 2-to 4-month old mice, minced, and digested in Dulbecco's modified Eagle's medium (DMEM) containing type II collagenase (0.2%; Worthington Biochemical Corp.) and dispase II (2.5 U ml Hydrogel synthesis, cell encapsulation, and culture Four-arm PEG-4MAL macromer (molecular weight, 22,000 or 10,000; Laysan Bio) was dissolved in 1× phosphate-buffered saline (PBS) containing 10 mM Hepes (pH 7.4). Cell adhesive peptides (GRGDSPC, GRDGSPC, CGGEGYGEGYIGSR, and CGGKAFDITYVRLKF; >95% purity; GenScript) were dissolved in 1× PBS containing 10 mM Hepes and added to PEG-4MAL solution to produce functionalized PEG-4MAL precursors. Freshly isolated MuSCs were then added to the solution containing functionalized PEG-4MAL precursors. To synthesize cell-encapsulated hydrogels, the solution containing functionalized PEG-4MAL precursors and cells was mixed with protease-degradable cross-linking peptide (GCRDVPMSMRGGDRCG; GenScript) or nondegradable hexa(ethylene glycol) dithiol (Sigma-Aldrich) dissolved in 1× PBS containing 10 mM Hepes and subsequently polymerized at 37°C/5% CO 2 for 5 min before adding MuSC growth media (F10 containing 1% penicillin/streptomycin, 1% GlutaMAX, and 20% horse serum). Recombinant human FGF-2 (25 ng ml −1
; PeproTech) was supplemented
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daily. To prime the MuSCs to differentiate, the growth medium was replaced with differentiation media (DMEM containing 1% penicillin/ streptomycin, 1% GlutaMAX, and 2% horse serum) on days 5 and 6 of culture. Cells were cultured in the differentiation media for an additional 4 days.
Cell encapsulation in collagen gel
Freshly isolated MuSCs (10,000 cells per gel) were added to the rat-tail collagen type I working solution consisting of 200 mM Hepes (10.4%, v/v), 10× DMEM (10.4%), 7.5% NaHCO 3 (5.2%), and collagen I (5 mg ml −1 ; 54%; Rat Collagen I, lot # 30871G14, Culturex). Before adding cells, pH of the collagen working solution was adjusted by adding 1 M NaOH. pH-adjusted, cell-containing collagen solution was polymerized at 37°C /5% CO 2 for 30 min before adding MuSC growth media. Recombinant human FGF-2 (25 ng ml ) was supplemented daily.
Cell encapsulation in Matrigel
Freshly isolated MuSCs (10,000 cells; 2 of 10 parts) were added to the Matrigel (8 of 10 parts; phenol and lactose dehydrogenase-elevating virus-free; lot # 5075010, Corning). Cell-containing Matrigel was polymerized at 37°C/5% CO 2 for 45 min before adding MuSC growth media. Recombinant human FGF-2 (25 ng ml
) was supplemented daily.
In vitro cell staining and myogenic colony quantification For EdU labeling, cells encapsulated in hydrogels were incubated in growth media containing 10 mM EdU for 6 hours. Hydrogels were fixed in 4% paraformaldehyde for 20 min and subsequently washed three times in 1× PBS. Cells within the hydrogels were blocked and permeabilized using blocking buffer [5% bovine serum albumin (BSA), 0.5% goat serum, and 0.5% Triton X-100 in 1× PBS] for 1 hour at room temperature. EdU detection was performed as per the manufacturer's instructions (Invitrogen). TUNEL staining and detection were performed as per the manufacturer's instructions (Invitrogen). Hydrogels were incubated with primary antibodies overnight at 4°C, washed three times in 1× PBS, incubated with secondary antibodies containing Hoechst (1:1000) overnight at 4°C, and washed again three times in 1× PBS. z-stack projection images were acquired using a confocal microscope (Nikon Eclipse Ti-E C2+). Myogenic colony morphology, size, and percent EdU + nuclei were automatically quantified using ImageJ and CellProfiler (67) . Cell packing density was measured by segmenting the colony of interest, converting 4′,6-diamidino-2-phenylindole channel of a MuSC colony into a binary image (white pixel value, 255; black pixel value, 0) and subsequently determining the mean pixel value, where the resulting value ranges from 0 (less dense) to 255 (more dense). The mean pixel values were then normalized by dividing by 255 to obtain a cell packing density metric that ranges from 0 (less dense) to 1 (more dense). The fusion index was determined by taking the percentage of nuclei contained in multinucleated myotubes with at least two nuclei.
TOTO-3 iodide dead cell labeling
Freshly isolated b-actin-GFP + MuSCs were encapsulated in either PEG-4MAL or collagen gels and cultured in growth media overnight. TOTO-3 iodide (Invitrogen) was then added to the media at final concentration of 1 mM. Cells were incubated at 37°C/5% CO 2 for 30 min z-stack projection images were acquired using a confocal microscope (Nikon Eclipse Ti-E C2+) equipped with LiveCell system (Pathology Devices Live Cell) at 37°C/5% CO 2 /50% relative humidity. TOTO-3 + dead cells were quantified by taking the percentage of TOTO-3 + nuclei over total cell number.
TaqMan reverse transcription polymerase chain reaction Primary MuSCs were cultured in RGD-or RDG-presenting hydrogels in the growth media for 6 days and differentiated in the differentiation media for an additional 5 days. Hydrogels were mechanically homogenized, and RNA was extracted using TRIzol Reagent (Thermo Fisher Scientific). Quality and amount of RNA were assessed using NanoDrop (Thermo Fisher Scientific) at an absorbance at 260 and 280 nm. Complementary DNA (cDNA) was obtained using the HighCapacity cDNA Reverse Transcription Kit, as per the manufacturer's instructions (Thermo Fisher Scientific). Reverse transcription polymerase chain reaction was performed using TaqMan assay primers (Myogenin, Desmin, Gapdh, and b-actin probes) and TaqMan Fast Advanced Master Mix, as per the manufacturer's instructions (Thermo Fisher Scientific). C t (cycle threshold) values of Myogenin and Desmin were normalized to the geometric mean of Gapdh and b-actin control genes. Fold differences were determined using 2 −DDCt .
Rheological testing and mesh size estimation Hydrogels were casted in Sigmacote-treated (Sigma-Aldrich) cylindrical molds consisting of a glass slide and a silicone isolator. Upon gelation at 37°C, hydrogels were extracted and swelled in 1× PBS at 4°C overnight. Cell-containing hydrogels were synthesized and cultured in growth media, as described above for 12 hours and 2, 3, and 5 days. Fully swollen hydrogels were tested using a rheometer (MCR-302, Anton Paar; CP10-2) at 37°C. Frequency sweep (100 to 0.1 rad/s) was performed at a constant strain of 1%. G′ and G″ were determined by averaging all data points acquired from 10 to 0.1 rad/s interval. Mesh size was estimated using the following equation
where G′ is the storage modulus in Pa, A is the Avogadro's constant, R is the gas constant, and T is the temperature (68).
1D diffusion assay
Hydrogel was casted at one end of a glass capillary tube (outer diameter, 1 mm; inside diameter, 0.58 mm; World Precision Instruments) using an insulin syringe. Hydrogel-containing capillary tubes were placed in a 50-ml conical tube containing 1× PBS to fully swell overnight at 4°C. Alexa 555-labeled a-bungaroxin (8 kDa; 1:4 dilution in PBS; Thermo Fisher Scientific) was delivered to the other free end of the hydrogelcontaining glass capillary tube. Samples were immediately placed in the temperature and humidity-controlled stage of an epifluorescence microscope (Zeiss Observer D1). Time-series images were acquired every 15 min for 3 hours at 37°C. Hydrogel boundary (x = 0) was defined by a region with an average raw intensity of 9.5 at t = 0. Change in the average intensity was quantified from x = 0 to 200 mm over the 3-hour assay period. To determine the diffusion coefficient (D), the data were fitted using the solution of Fick's second law
Cryo-injury, MuSC transplantation, and injections Mice were anesthetized by inhalation of isoflurane. The hair over TA muscle and gastrocnemius muscles was depilated to expose the skin. A small incision was made through the skin and fascia to expose the TA muscle. A liquid nitrogen-cooled metal probe was placed on the surface of the exposed TA muscle for 10 s to induce cryo-injury. Immediately upon muscle recovery, freshly isolated MuSCs were delivered on the locus of the injured TA muscle in suspension (2% DBS in HBSS), in rat-tail collagen type I (2.7 mg ml −1
; lot # 30871G14, Culturex), or in the bioengineered hydrogels. For the hydrogel-mediated delivery, the cell encapsulated hydrogel was casted directly on the surfaced of the injured TA muscle. The skin incision was carefully sutured (Vicryl Suture, Ethicon). All rodent survival procedures were performed using aseptic procedures.
Longitudinal bioluminescence imaging
Longitudinal bioluminescence imaging was performed using the IVIS SpectrumCT In Vivo Imaging System (PerkinElmer). Before imaging, mice were anesthetized by inhalation of isoflurane, and hindlimbs were depilated. Three hundred microliters of D-luciferin (4 mg; Promega) was injected intraperitoneally, and mice were imaged every 5 min up to 120 min to determine the maximal signal. The maximum signal was determined for each TA muscle and used for the subsequent analyses.
Tissue histology and immunostaining
Hindlimbs were harvested and fixed in 4% paraformaldehyde for 1 hour at room temperature and subsequently incubated in 30% sucrose overnight at 4°C. TA muscles were dissected and frozen in liquid nitrogen-cooled isopentane. Frozen muscles were sectioned to 10-mm thickness. Before antibody staining, tissue sections were blocked and permeabilized using blocking buffer (5% BSA, 0.5% goat serum, and 0.5% Triton X-100 in 1× PBS) for 1 hour at room temperature. Tissues for hematoxylin and eosin staining were prepared in a similar manner without the sucrose pretreatment.
GFP fiber quantification
For quantifying number of GFP + fibers in tissue sections, GFP channel images of anti-GFP antibody-stained tissue sections were acquired using an epifluorescence microscope (Zeiss Observer D1) or a confocal microscope (Zeiss LSM 700). Images were then converted to 8-bit, and automatic triangle-algorithm thresholds were applied using ImageJ. On the basis of the processed binary images, GFP + fibers were objectively identified and scored.
Antibodies and staining reagents
The following primary and secondary antibodies were used to stain cells and tissue sections for immunofluorescence in this study: Pax7 
Statistical analyses
Sample sizes were chosen on the basis of preliminary experiments to ensure adequate statistical power. Statistical analyses were performed using GraphPad Prism 7. Normality of data was tested using ShapiroWilk test and confirmed graphically via quantile-quantile plot. Outliers were detected using Grubb's test. Two-group comparisons were conducted using unpaired two-tailed t test or Mann-Whitney U test based on the data normality. For paired data, analyses were conducted using paired two-tailed Wilcoxon or t test based on data normality. For multiple group comparisons, one-way ANOVA with Tukey's post hoc tests or Kruskal-Wallis test with Dunn's post hoc tests was performed on the basis of data normality. Two-way ANOVA with Sidak's post hoc tests was performed for EdU + nuclei (%) data. Two-way repeatedmeasures ANOVA was performed on the longitudinal bioluminescence data to compare effects of biomaterial, time, and their interactions. The area under the curve was calculated in GraphPad Prism 7.
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